Spatial control of exocytosis underlies polarized cell morphogenesis. In rod-shaped fission yeast, exocytic vesicles are conveyed along the actin cytoskeleton by myosin V motors toward growing cell ends [1, 2] , the major sites for exocytosis. However, actomyosin-based vesicle delivery is dispensable for polarized secretion and cylindrical cell shape of fission yeast [3] . Thus, additional mechanisms should function in the spatial confinement of exocytosis. Here we report a novel role of endoplasmic reticulum (ER)-plasma membrane (PM) contacts in restricting exocytic sites for polarized fission yeast morphogenesis. We show that fission yeast cells deficient in both ER-PM contacts and actomyosinbased secretory vesicle transport display aberrant globular cell shape due to delocalized exocytosis. By artificially manipulating the strength and extent of ER-PM contacts in wild-type and mutant cells that exhibit induced ectopic exocytosis, we demonstrate that exocytosis and ER-PM contact formation are spatially incompatible. Furthermore, extensive ER-PM junctions at the non-growing lateral cell cortex prevent the PM from exocytic vesicle tethering and hence attenuate growth potential at cell sides. We thus propose that ER-PM contacts function as a new morphogenetic module by limiting exocytosis to growing cell tips in fission yeast. A similar mechanism could apply to other cell types with prominent ER-PM contacts.
RESULTS AND DISCUSSION
In Schizosaccharomyces pombe (S. pombe), the endoplasmic reticulum (ER) forms close contacts with the plasma membrane (PM) at the non-growing cell cortex, mainly through the VAMPassociated proteins (VAPs) Scs2 and Scs22 [4] . Consistent with previous observations [4] , tight ER-PM contacts enriched in Scs2 were absent from growing cell tips that accumulated the guanosine triphosphate (GTP)-bound Rho family GTPase Cdc42, as reported using GFP-fused CRIB (Cdc42/Rac-interactive-binding) domain [5] ( Figure 1A) . Interestingly, ER-PM contacts at the previous non-growing cell end were removed concomitantly with local activation of Cdc42 during new end takeoff (NETO) [6] ( Figure 1A ). Moreover, ectopic activation of Cdc42 in the analog-sensitive mutant orb6-as1(M170G) [7, 8] by the kinase inhibitor 1-NM-PP1 appeared to trigger local ER-PM contact removal at cell sides (Figures 1B and S1A). These data motivated us to hypothesize that active Cdc42 may play a role in disrupting ER-PM contacts. However, active Cdc42 per se may not be sufficient for this function, as transient activation of Cdc42 did not lead to apparent ER-PM dissociation at either the newborn wild-type cell end before NETO ( Figure S1B ) or the non-growing cell tip in monopolar mutant pom1Drga4D [5] (data not shown).
Cdc42 is a key regulator for polarized growth and cell morphogenesis through directing actin organization [9, 10] and localized exocytosis [11] . To dissect downstream effectors involved in this Cdc42-related ER-PM uncoupling, we turned to the actin depolymerization drug Latrunculin A (LatA) treatment, which inhibits endocytosis and also induces lateral dispersion of active Cdc42 in wild-type [3, 12] . Similar ER-PM dissociation indicated by the lack of either Scs2 ( Figures 1C and S1C ) or the artificial luminal ER marker mCherry-ADEL [13] (Figure S1D ) at ectopic CRIB zones was observed, suggesting that neither endocytosis nor actin cytoskeleton was necessary for this process. Besides, Cdc42 seemed to be activated prior to noticeable local ER-PM contact removal ( Figure S1E ).
The exocyst complex that facilitates secretory vesicle binding to the PM [11] has been suggested to follow active Cdc42 to the sides of LatA-treated cells [3] . We wondered if exocytic vesicle tethering and/or fusion to the lateral cortex of these cells could promote ER-PM uncoupling. To this end, we traced ER-PM disassociation events with respect to exocyst localization in wild-type cells incubated with 50 mM LatA. We found that the exocyst visualized by Sec6-GFP exhibited intermittent recruitment to the lateral PM from where the preassociated ER was simultaneously removed (Figures 1D and S1F). A similar observation was made for orb6-as1(M170G) cells exposed to 1-NM-PP1 ( Figure S1G ). Such sporadic recruitment of the exocyst to the ER-free PM possibly reflected dynamic exocytic processes. Indeed, the vesicle (v)-SNARE protein Syb1 [14] accumulated along the PM as the ER dissociated ( Figures 1E and S1H) , and bulk secretion continued within the first hour of LatA treatment ( Figure S1I ; see STAR Methods for details).
The exocyst function is not essential for polarized growth of S. pombe [15] . Remarkably, in the exocyst mutant sec8-1 [15] , lateral ER-PM contacts were also removed concurrently with local aggregation of Syb1 when Orb6 kinase activity was inhibited in the background ( Figure 1F ), implying that robust exocyst function is dispensable for ER-PM uncoupling. A similar observation was made for LatA-treated sec8-1 cells (data not shown). Thus, the exocytic process that is not mediated by the exocyst appeared sufficient to remove ER-PM contacts. Taken together, we propose that exocytic processes may prohibit the local ER-PM contact formation, albeit through unknown mechanisms. The PM content changed upon the initiation of exocytosis may possibly favor vesicle binding over the ER tethering. Active exocytosis might also stimulate the ER remodelers to further expedite the ER detachment.
The tight ER-PM junctions [16] appear to pose steric constraints on various cortical events [17, 18] . For instance, clathrin-mediated endocytosis has been shown to occur at the ER-free PM in budding yeast [18] . Our data implied that the clearance of ER-PM contacts is required for local vesicle-mediated secretion. We thus speculated that the cortical ER could also restrict the PM availability for exocytosis. To test this idea, we took advantage of the finding that GFP-Syb1 decorated exocytic regions of the PM in LatA-treated cells ( Figure 1E ). This was probably due to the continuous PM recruitment of Syb1 from exocytosis without its rapid internalization through endocytosis [19] . We also utilized scs2Dscs22D cells where the cortical ER is largely detached from the PM [4] , and remaining ER-PM contacts can be visualized by mCherry-ADEL.
Unlike the wild-type scenario where GFP-Syb1 accumulation occurred mainly at cell ends and neighboring cortex (Figures 1E and S2A ), it occupied a much broader area over scs2Dscs22D cell cortex after LatA treatment (Figure 2A) . Consistently, the exocyst in LatA-treated scs2Dscs22D cells dispersed more widely along the cell cortex as compared to wild-type ( Figure 2B ), indicating the PM at cell sides was potentially more accessible to secretory vesicles in cells lacking ER-PM junctions. Notably, Syb1 in these cells seemed to spread continuously along the ER-free PM until reaching ER-PM contact sites (white asterisks in Figure 2C ), suggesting that ER-PM contacts are obstructive to exocytic processes. Such hindrance was removed upon local ER-PM uncoupling, resulting in the further expansion of the exocytic region (yellow asterisks in Figure 2C ). The size of these exocytic domains was significantly reduced when the lateral ER-PM junctions were re-established in scs2Dscs22D cells by the artificial association by the artificial tether in wild-type further limited the PM surface available for exocytosis ( Figures 2D, S2B , and S2C). Expression of the control construct TM-mCherry [4] did not essentially alter the extent of exocytosis in either background ( Figures S2B and S2C) . Importantly, cells that showed larger exocytic region in these LatA experiments displayed higher secretion efficiency without drug treatment ( Figure 2E ), indicating that exocytic site restriction by ER-PM contacts may also exist during normal cell growth. Indeed, we observed a minor but still increased occurrence of mislocalized exocyst at the ER-free lateral PM in interphase scs2Dscs22D cells ( Figures 3A, 3B , and S3A; Movie S1), implying the possible presence of exocytic activity at cell sides. Consistently, artificially restoring lateral ER-PM contacts in these cells corrected exocyst localization to cell tips ( Figures 3A and  S3A ). In addition, both distribution of active Cdc42 and tip dynamics of Sec6-GFP in scs2Dscs22D cells were comparable to wild-type (Figures S3B and S3C), suggesting that machineries for establishing both polarized Cdc42 activity and tip recruitment of the exocyst are largely functional in cells lacking VAPs. Taken together, we concluded that ER-PM contacts confine the permissive PM for exocytosis.
Exocytic pattern has been recently proposed to define fission yeast cell morphology [20] . Cells lacking ER-PM contacts maintained overall cylindrical cell shape but appeared slightly stubbier than wild-type ( Figure 3C ). It is possible that free access of secretory vesicles to the lateral PM of scs2Dscs22D cells may stimulate trivial exocytic capacity at cell sides even with low Cdc42 activity. We thus envisaged that increasing local concentration of vesicles by terminating their polarized delivery may further enhance exocytic activity at the sides of cells lacking VAPs. Intriguingly, depletion of either the type V myosins (Myo51 and Myo52) [21, 22] or the interphase actin cable nucleator formin For3 [23] in the scs2Dscs22D background engendered globular or misshapen cells ( Figure 3C ). Unlike the spherical mutant for3Drho3D [24], these cells had no obvious defect in general secretion ( Figure 3D ). Instead, the exocyst dispersed around the large ER-free cortex (Figures 3B, 3E, and S3D; Movies S2 and S3) where we also detected weak cortical signals of Syb1 ( Figure S3E ), implying that these regions were active in exocytosis. To better visualize active exocytic zones, we treated these cells briefly with LatA to retain Syb1 at these regions by blocking its rapid endocytic recycling. Consistently, a large area of the ER-free cortex was covered by Syb1 in these cells, whereas only tip regions were stained in for3D and myo51Dmyo52D backgrounds after treatment ( Figures 3F and  S3F ). These data suggested that spatial confinement of exocytosis was compromised in cells deficient in both ER-PM contact formation and directed vesicle transport. Similar to mutants defective in either of these two functions, the combined mutants were still able to polarize active Cdc42 to recognizable cell ends ( Figure S3E ). Besides, no obvious endocytosis defect was seen in these mutants (data not shown). To conclude, our results showed that VAPs and actomyosin-based vesicle transport function in parallel to ensure polarized exocytosis and cell morphogenesis.
To substantiate the idea of this novel role of VAPs in cell shaping being pertinent to ER-PM contact formation, we artificially rebuilt ER-PM junctions in for3Dscs2Dscs22D and myo51Dmyo52Dscs2Dscs22D backgrounds. Contrary to the control construct, both polarized exocyst localization and cylindrical cell morphology were restored in cells expressing the artificial tether (Figures 4A and 4B ). Such cell shape reversion was more pronounced in for3Dscs2Dscs22D cells, especially when GFP-fused Syb1 was expressed in the background ( Figures  S4A and S4B) . Interestingly, it took additional time (10 hr) to restore cell shape after ER-PM contact reestablishment, in line with the previous model predictions that the morphogenesis of walled cells is progressive [20, 25] .
To obtain further implications of ER-PM contacts in cell morphogenesis, we turned to cells with perturbed polarity cues. We made use of the rod-shaped orb6-as1(M170G) mutant where inhibition of the conserved Orb6 kinase activity causes dispersion of active Cdc42 over the cell cortex, resulting in isotropic growth and spherical cell shape [7] . We monitored cell shape conversion in these cells where the ER-PM association was artificially reinforced. After 12-hr incubation with the kinase inhibitor 1-NM-PP1, orb6-as1(M170G) cells possessing native ER-PM contacts largely exhibited a rounded morphology, with the exocyst spreading around the cortex (Figure 4C ). In contrast, most orb6-as1(M170G) cells expressing the artificial tether retained overall tubular cell shape, albeit bulged ( Figure 4C) . Notably, the strengthened ER-PM connection did not correct the dispersion of active Cdc42 and the exocyst ( Figures S4C and 4C) , indicating that the modulation from ER-PM junctions in cell morphogenesis works downstream of active Cdc42 and its recruitment of the exocyst. Conceivably, reticulation of the cortical ER network could provide free PM surface for the initial access of secretory vesicles [4] . However, reinforcement of ER-PM association by the artificial tether possibly prevents expansion of exocytic regions by retarding the ER-PM uncoupling process, explaining the inefficient shape conversion in these cells. Collectively, we propose that ER-PM contacts function as a new morphogenetic module precluding exocytosis from wild-type cell sides and complement directed vesicle transport for polarized fission yeast morphogenesis ( Figure 4D ).
S. pombe appears to have evolved a suitable quantity and plasticity of ER-PM contacts to respond and modulate dynamic cortical events, such as actomyosin ring assembly [17] and exocytosis that we have hitherto described. We propose that ER-PM contact formation and exocytosis are mutually exclusive, creating spatially segregated feedbacks under the control of Cdc42: (1) active exocytic processes prompted by high Cdc42 activity at the growing zone may presumably prohibit local ER-PM junction formation; (2) whereas ER-PM contacts at the non-growing region of low Cdc42 activity constrain the PM availability for exocytosis ( Figure 4D ). Such feedbacks promote robustness of the formation of confined exocytic domains for polarized cell morphogenesis.
How ER-PM contacts initially form at the PM region with low exocytic potential is an intriguing question. One such enthralling idea is that ER-PM interactions could assist the establishment and maintenance of specialized PM compartments unfavorable for secretion [26] . For instance, other than the loss of steric restriction from the ER-PM association, the increased PM level of phosphatidylinositol-4-phosphate in cells lacking VAPs [4] might also contribute to vesicle tethering to the lateral cell cortex. See also Figure S3 and Movies S1, S2, and S3. Moreover, active delivery of the ER to the vicinity of exocytic zone by actomyosin apparatus in S. pombe [4] could permit the timely formation of local ER-PM junctions, further confining sites for exocytosis. The ER-PM association is prominent in yeast, plants, muscle, and neurons [16, [27] [28] [29] [30] . Of note, a recent ultrastructural study has shown that ER-PM contacts in neurons are similarly excluded from regions of active secretion [29] . It is attractive to speculate that ER-PM contacts could also function in controlling exocytosis and/or morphogenesis of other cell types. In fact, budding yeast scs2D cells deficient in ER-PM contacts also exhibit abnormal cell shapes [31] . Whether similar mechanisms apply awaits further investigation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All fission yeast strains used in this study are listed in Key Resources Table. Strains were constructed from laboratory stocks using standard methods. S. pombe cells were grown at 24 C for all experiments, unless otherwise indicated. Scs2-mCherry-TM was generated by inserting mCherry between S360 and P361 of Scs2 that expressed from the native locus. Strains containing the analog-sensitive mutant allele orb6-as1(M170G) were derived from strain JG15439 described in [8] . The ATP analog 1-NM-PP1 (4-Amino-1-tert-butyl-3-(1'-naphthylmethyl)pyrazolo [3,4-d] pyrimidine, NM; Merck, 529581-1MGCN) dissolved in dimethyl sulfoxide (DMSO) was used at a final concentration of 20 mM in both cell culture and agarose chamber to inhibit Orb6 kinase activity. Latrunculin A (LatA; Thermo Fisher, L12370) dissolved in DMSO was used at a final concentration of 50 mM in both cell culture and agarose chamber. Expression of artificial constructs was induced in Edinburgh minimal media supplemented with appropriate amino acids (EMMS) lacking thiamine (Thi) for at least 30 hr before experiments (10 hr more than previously described [4] ), unless otherwise stated. In Figure 2E , the construct expression was induced for 24 hr before secretion assays. For Figure 4C , the construct expression was induced for 30 hr in orb6-as1(M170G) cells before their 12-hr incubation with drugs in the same medium. EMMS with 5 mg/ml Thi was used to suppress construct expression. Figure 3C were collected on a Zeiss Axiovert 200M (Plan Apochromat 100X, 1.4 N.A. objective lens) microscope equipped with CoolSnap camera (Photometrics, Tucson, AZ) and Uniblitz shutter driver (Photonics, Rochester, NY) under the control of Metamorph software package (Universal Imaging, Sunnyvale, CA). Typically, we acquired a single z-plane focusing on cell center.
METHOD DETAILS Microscopy

DIC images in
Scanning confocal microscopy for Figure S1C was performed on a LSM510 microscope (Carl Zeiss) equipped with a Plan Apochromat 100X, 1.4 N.A. objective lens, a 488-nm argon laser (for GFP excitation), and a 543-nm HeNe laser (for mCherry excitation). Typically, we acquired image stacks that consisted of ten z sections with 0.5 mm spacing (58.6 nm per pixel).
Time-lapse fluorescent microscopy images were generated using Nikon TiE system (CFI Plan Apochromat VC 100X, 1.4 N.A. objective) equipped with Yokogawa CSU-X1-A1 spinning disk unit, the Photometrics CoolSNAP HQ2 camera and a DPSS 491 nm 100 mW and DPSS 561 nm 50 mW laser illumination under the control of MetaMorph Premier Ver. 7.7.5. We acquired a single z-plane every 1 min with 2 3 2 binning (129 nm per pixel). We also employed Nikon TiE system to collect either a single z-plane or image stacks. Typically, image stacks with 2 3 2 binning were consisted of nine or 12 z sections with 0.5 mm spacing, while image stacks with no binning (64.5 nm per pixel) were consisted of 16 or 18 z sections with 0.3 mm spacing. The z stack maximum projection images were obtained by Metamorph built-in module or by ImageJ 1.50d software package (http://rsb.info.nih.gov/ij/; National Institutes of Health, Bethesda, MD). Imaging was performed on S. pombe cells placed in sealed growth chambers containing 2% agarose YES or EMMS medium.
Live-cell imaging and image processing Generation of kymographs Kymographs in Figure 1 and Figure S1 were obtained using ''MultipleKymograph'' built-in plugin in ImageJ within the indicated regions. Analysis of exocyst distribution Cells shown in Figure 2B were imaged within a strict time window -45 to 60 min after LatA addition. Images stacks that consisted of nine z sections with 0.5 mm spacing were obtained on Nikon TiE system with 2 3 2 binning. The expression of artificial constructs was induced for 30 hr in scs2Dscs22D cells shown in Figures 3A and S3A . Images stacks for these cells were consisted of 16 z sections with 0.3 mm spacing and were obtained on Nikon TiE system with no binning. Figure S3C were performed using Nikon TiE system with 2 3 2 binning. A 2.58 mm 3 2.58 mm (20 3 20 pixels) square region at the interphase cell tip (central plane) was bleached with a sequence of 100 high-intensity laser iterations and then subsequent images were taken every one second.
3D rendering
For 3D renderings shown in Figure 3B and Movies S1, S2, and S3, z stack images were taken with 0.3 mm spacing on Nikon TiE system with no binning. Image deconvolution was performed using adaptive point spread function module in Autoquant (Media Cybernetics, Bethesda, MD). 3D rendering was carried out using Imaris software module (Bitplane, South Windsor, CT, USA).
Acid phosphatase secretion
The secretion of acid phosphatase was determined by assessing its enzymatic activity in cell culture medium as previously described [15] with minor modification. Cells were grown exponentially in EMMS and washed once with EMMS. Cells were then grown 1 hr in fresh EMMS for recovery before measurements. Samples were taken at 0 h (1 h after re-suspension), 1 h, 3 h, 4 h, 5 h, and 6 h for each strain. Typically, 400 mL supernatant or EMMS control was added to 400 mL of substrate solution (2 mM p-nitrophenyl phosphate, 0.1 M sodium acetate, pH 4.0; pre-warmed to 30 C). Reactions were incubated at 30 C for 5 min and stopped by the addition of 400 mL 1 M sodium hydroxide. All sample reactions were carried out in duplicates. Averaged absorbance at 405 nm was corrected by subtracting the value at 0 h and then normalized by dividing OD 595 measured at each time point. Normalized absorbance was plotted in Figures 2E and 3D .
For secretion measurement in the presence of LatA, cells were grown exponentially in EMMS before the addition of LatA or DMSO (0 h). We also analyzed the same cell culture without drug treatment and the LatA-incubated cell-free supernatant from 0 h as controls. Samples were taken for assay at 0.5 h, 1 h, and 2 h for each manipulation. Averaged absorbance was plotted in Figure S1I .
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of exocyst distribution
For all distribution analyses, only interphase cells with cell length between 10 mm and 12 mm were selected. To minimize the effect of high cytosolic intensity due to weak fluorescence of Sec6-GFP, we used maximum z-projections for intensity profile analysis and distance measurement. We obtained initial intensity profile along the long cell axis using ''Plot Profile'' built-in plugin in ImageJ. represent the minimum and maximum intensity respectively along the cell axis after correction. Normalized intensity and positional information were replotted using MATLAB with a moving average (n = 2 for images with 2 3 2 binning and n = 4 for the ones without binning).
For each growing cell tip, we visually identified the most distant cortical Sec6-GFP spot from the tip within the same half of the cell with two criteria: 1) size of the spot should be larger than 258 nm 3 258 nm (4 3 4 pixels); 2) background-corrected mean intensity of the spot should be two times higher than that of the cytosol. We then measured the spot-to-tip distance along the long cell axis using ImageJ.
Analysis of GFP-Syb1-marked cortex
Only interphase cells with cell length between 10 mm and 12 mm were selected for analyses and quantification. We used the middle plane of the cell for length measurement and intensity profile analysis. Cortical regions marked by GFP-Syb1 were manually outlined and their lengths were measured using ImageJ.
For Syb1 cortical distribution analysis, we outlined the entire cell cortex as illustrated in Figure S2C using a segmented line of threepixel width and obtained initial intensity profile around the cell cortex using ''Plot Profile'' built-in plugin in ImageJ. For each cell, the cortex was divided into four segments as (1) cell tip, (2) cell side, (3) cell tip, (4) cell side, with their lengths coarsely estimated to be in the ratio of 2:3:2:3 (See illustration in Figure S2C ). Background-corrected intensity was normalized as IˆF = IF/IF Max , where IF Max represents the maximum intensity around the cell cortex after correction. Normalized intensity and positional information were replotted using MATLAB with a moving average (n = 2). Syb1 intensity profiles of the cell side were generated by superimposing profiles of segment (2) and (4) highlighted in gray in Figure S2C with renormalized positional information. We also introduced regression curves to indicate general tendency of intensity profiles. Regression curves were generated using MATLAB ''Curve Fitting Toolbox'' with moving average smoothers (span = 3) and robust quartic polynomial regression models (95% confidence level). Values of IF Max differed slightly among cells regardless of the genetic background, thus we set the same intensity threshold (i.e., 15% of IF Max ) for Syb1-marked cell cortex for all plots. 
